Transcranial magnetic stimulation (TMS) has proven to be an invaluable tool both in clinical practice and basic brain research. However, many concomitant effects of TMS are still incompletely understood, including thermal effects induced by TMS. The present study investigated how thermal effects induced by magnetic stimulation influence the properties of the spontaneous excitatory postsynaptic current (sEPSC) of hippocampal CA1 pyramidal neurons. We have demonstrated that a 50-Hz low-frequency electromagnetic field with intensities of 7, 14, and 23 mT can induce thermal heating in artificial cerebrospinal fluid (aCSF) from 25 to 40°C over a period of 15 min. We also report that the thermal effects induced by TMS directly influence the properties of sEPSC in hippocampal CA1 pyramidal neurons. Double measures were taken to control the temperature across experiments in order to ensure the accuracy of the temperature measurement of the aCSF. These novel findings provide important insight into the thermal effects induced by TMS as well as their consequences.
INTRODUCTION
Since the advent of electromagnetic currents in neurophysiology in the early 20th century [1] , techniques such as repetitive transcranial magnetic stimulation (rTMS) have been widely used as noninvasive neurostimulation tools in both clinical and research practices [2, 3] . The TMS body of research has seen a rise in interest for its therapeutic potential and has since found applications in a range of neuropsychiatric disorders, including depression, Alzheimer's disease and Parkinson's disease [4] [5] [6] . In addition, many scientists have pioneered the use of TMS as a noninvasive means of modulating neuronal activity for neuroscientific investigations [7, 8] .
Previous TMS studies have demonstrated that hippocampal functioning is directly related to neuronal damage that is secondary to neurodegenerative diseases [9, 10] . The hippocampus is known to play important roles in learning and memory [11] [12] [13] . Spontaneous excitatory postsynaptic current (sEPSC) is a physiological characteristic of the hippocampus, an important phenomenon believed to contribute to learning and memory processes within the hippocampus [26] . Following presynaptic stimulation, the physiological characteristics of the evoked sEPSC become transformed, which may suggest an influence of sEPSC on synaptic transmissions within the hippocampus. Both temperature and the introduction of magnetic fields have previously been found to impact the physiological characteristics of sEPSC [15] [16] [17] [18] .
Thermal effects caused by low-frequency electromagnetic stimulation are of great concern in clinical applications, as they may cause undesirable complex phenomena and side effects. Such biological thermal effects induced by electromagnetic stimulation are one of the main known causes of electromagnetic stimulation damage [14] . Furthermore, thermal effects may interfere with the analysis of electrophysiological signals during electromagnetic stimulation of the brain.
We demonstrate herein that TMS is capable of inducing thermal heating in aCSF and thermal effects influence the properties of the sEPSC in the hippocampal CA1 pyramidal neurons. Thermal heating was induced using 50 Hz rTMS for 15 min. The physiological properties of the sEPSC were measured across increasing temperatures. Evoked EPSCs in CA1 pyramidal cells have already been demonstrated for a temperature range of 26.5 to 33.5°C [19] . The present study additionally compared the difference in thermal effects by whole-cell patch clamp recording and analyzed the electrophysiological properties of the neurons in hippocampal CA1 slices.
MATERIALS AND METHODS

Animal subjects
Male Sprague-Dawley rats (14-18 days old at the time of surgery) from the Institute of Radiation Medicine Laboratory Animal Center of Tianjin, China were used. Animals were kept in a sterile room with a constant temperature (25±2°C) in individual cages with free access to standard food and water. All procedures were approved by the Institutional Animal Care and Use Committee protocol. We designed the experiments to minimize any animal suffering as well as the number of animals used in this study.
Solutions and drugs
Animals were deeply anesthetized with ether. During surgery, brains were rapidly removed into the ice-cold cutting solution containing, in mM: 90 sucrose, 87. 
Magnetic stimulator
A carbon dioxide incubator was modified to allow for magnetic stimulation [20] and further modified to monitor the real-time temperature of chambers. The solution (aCSF) was placed in the magnetic stimulator with 95% O 2 and 5% CO 2 ( Fig. 1) . We recorded the temperature 10 times every three minutes. The experimental results showed that 50-Hz low-frequency electromagnetic irradiations with magnetic field intensities of 7, 14, and 23 mT could induce thermal heating in aCSF from 25 to 40°C across 15 min (Fig. 2) . We also demonstrated that the stronger the magnetic field, the higher the increase in temperature. According to these results and in keeping with current literature, 25°C (25±1°C), 30°C (30±1°C), 35°C (35±1°C) and 40°C (40±1°C) were selected as temperature recording points in the following experiment.
Temperature control design
Given that temperature may fluctuate over a period of time, double measures were taken to control the temperature throughout the experiments in order to ensure temperature measurements are accurate. Four kinds of aCSF with temperatures of 25°C (25±0.3°C), 30°C (30±0.3°C), 35°C (35±0.3°C) and 40°C (40±0.3°C) were prepared. The aCSF was inserted into an incubator (BPN-80CH, Blue pard, ShangHai, China) at a temperature of 25°C. After 30 min, the temperature of the solution was measured using a thermometer. Subsequent temperature measurements were taken in the same manner. Slices were then transferred to the recording chamber and superfused with aCSF at the rate of 2 mL/min. Next, the recording chamber was controlled to maintain a constant temperature point using a temperature control instrument (TC-324B, Warner, USA). Each temperature point was recorded at 15 min intervals. The temperature was then raised from 25°C to 40°C. Data was collected with Path-Master software (HEKA, German). With each increase of temperature point, the aCSF of the corresponding temperature in the incubator was controlled for perfusion and temperature.
Electrophysiological recordings
Whole-cell patch clamp recordings were amplified using an EPC10 amplifier (HEKA, Germany) and performed in hippocampal CA1 pyramidal neurons. Cells were viewed with an upright microscope (BX51-WI, Olympus, Japan) equipped with a long-range water immersion objective (40×) and an infrared video camera (710 M, DVC, USA). The pyramidal cells situated in the pyramidal stratum were identified morphologically for recordings. After stable recording was carried out, sEPSCs were recorded for 15 min while the membrane potential was held constant at 70mV throughout [21] .
Statistical analysis
Data were transformed and the different electrophysiological properties sorted by the ABF utility of Minianalysis (Synaptosoft, USA). The data were statistically analyzed using Origin8.0 and are expressed as means±SEM. One-way ANOVA was performed with temperature as the dependent variable. Conditional on a significant F value, post-hoc Scheffé tests were used to further analyze the direction of effects and significance among groups. The significance level (α) was set to 0.05, and the following supplementary identifiers were used throughout: *p<0.05, **p<0.01 and ***p<0.001.
RESULTS
Thermal effects on sEPSCs
The representative traces of the sEPSC of hippocampal CA1 pyramidal neurons at 25°C, 30°C, 35°C and 40°C were investigated (Fig. 3A-D) . This was followed by recording the average amplitude of sEPSCs, which were (660.91±9.62) pA, (247.64±3.88) pA, (34.03±0.17) pA and (12.20±6.13%) pA (n=10) at 25°C, 30°C, 35°C and 40°C, respectively (Fig. 4A) . One-way ANOVA revealed significant inhibition in the average amplitude of sEPSCs at 25 to 40°C (F (3, 6621) =32.98, P<0.001). A subsequent Scheffé test showed that the extent of inhibition was more pronounced at temperatures above 30°C (Table 1) . (Fig. 4B) . One-way ANOVA revealed significant increases in the average frequency of sEPSCs when the temperature was increased from 25°C through to 40°C (F (3, 8391) =4.68, P<0.05). A Scheffé test showed that these were circumscribed to temperatures of 30°C or lower (Table 1) .
Thermal effects on single sEPSCs
We further studied the electrophysiological properties of single sEPSCs, which were compared and recorded at different temperatures (Fig. 5A) . The rise time of sEPSCs at 25°C, 30°C, 35°C and 40°C were 1.91±3.74% ms, 2.28±2.21% ms, 2.20±1.32% ms and 1.84±2.27% ms (n=10), respectively (Fig. 5B) . Results from the one-way ANOVA showed that there were significant differences in the rise time of sEPSCs with respect to the different temperatures (F (3, 4486) =40.14, P<0.001). Subsequent comparisons with the Scheffé test revealed that there were significant increases in the rise time of sEPSCs at temperatures 25-30°C, and significant inhibition at temperatures above 30°C ( Table 2 ).
The decay times of sEPSCs were 1.65±2.54% ms, 2.48±2.79% ms, 4.19±2.28% ms and 2.40±4.05% ms (n=10) at 25°C, 30°C, 35°C and 40°C, respectively (Fig. 5C) . Results from the one-way ANOVA showed that these differences were significant (F (3, 4486) =40.14, P<0.001). There were significant increases in decay times of sEPSC at temperatures 25-35°C, and significant inhibition at temperatures above 35°C (Table 2) . The half-widths of sEPSCs in the hippocampal CA1 slices were 1.70±2.55% ms, 2.60±2.83% ms, 3.73±1.43% ms and 1.51±2.96% ms (n=10) at 25°C, 30°C, 35°C and 40°C, respectively (Fig. 5.D) . One-way ANOVA showed that these differences were significant (F (3, 4486) =40.14, P<0.001). There were significant increases in the half-width of sEPSCs at temperatures ranging from 25-35°C, and significant inhibition at temperatures above 35°C (Table 2) .
DISCUSSION
To our knowledge, this is the first study to demonstrate that a 50-Hz low-frequency electromagnetic stimulation with magnetic field intensities of 7, 14, and 23 mT can induce thermal heating in artificial cerebrospinal fluid (aCSF) from 25 to 40°C during 15 min. Moreover, the resulting thermal effect appears to change the properties of sEPSC in the hippocampal CA1 pyramidal neuron. Double measures were taken to control the temperature throughout the experiments to ensure the accuracy of temperature measurements. The present results suggest that the function of hippocampal CA1 pyramidal neurons is influenced by the thermal effect induced by magnetic stimulation. The effect this may have on the neural excitability and synaptic plasticity of hippocampal CA1 pyramidal neurons is discussed below.
The presentesd results point to a remarkable turning-point of temperature affecting the electrophysiological properties of hippocampal CA1 neurons. The changes in temperature could increase and decrease the excitability of synapses [22, 23] , as well as convert silent synapses into active ones [24] . sEPSC consists of two components, AMPA (α-amnio-3-hydorxy-5-methyl-4-isoxazoleporpionate) and NMDA (N-methyld-aspartate) [25] . With these findings, we have demonstrated that the maximum amplitude and the minimum frequency are observed at 25°C with two separate outcomes. On the one hand, the number of postsynaptic receptor channels induced by excitatory synapses is increased, while the frequency of opening channels is decreased. On the other hand, the released quantity of presynaptic neurotransmitter is increased, but the frequency is decreased. Because of the mild temperatures, the properties of sEPSCs are able to transform silent synapses into active ones. By recording the release of sEPSCs at different temperatures, we demonstrated that the amplitude and frequency of sEPSCs present opposite tendencies with rising temperature (amplitude decreases and frequency increases).
The present study further showed that temperature changes have a significant impact on the properties of sEPSCs. The possible mechanism of spontaneous synaptic activity is dependent on the excitability of cells induced by temperature changes. At the same time, the number of postsynaptic receptors is decreased, while the open frequency is increased. Analysis of the characteristics of single sEPSCs showed that rise time, decay time and half-width of sEPSC all exhibited a similar pattern. The sensitivity of postsynaptic receptors markedly changed as temperatures increased. All appeared to steadily increase at temperatures below 30°C, culminating near the 30°C point. Taken together, this suggests that thermal effects play an important role in the function of postsynaptic receptors. In conclusion, this study demonstrates that there are a number of significant changes in the electrophysiological properties of sEPSCs or single sEPSCs of hippocampal CA1 neurons associated with the thermal effects induced by magnetic stimulation. These findings also demonstrate that the excitation of synaptic activity is significantly increased at temperatures between 25 and 30°C. There are undoubtedly a number of secondary effects incompletely understood concerning the application of TMS. For example, magnetic stimulation may affect a more distributed neuronal system than may be initially intended. Nonetheless, the present study offers a deeper understanding of some the consequences of TMS application in clinical and research practices.
